For use in humans, human immunodeficiency virus (HIV) DNA vaccines may need to include immunostimulatory adjuvant molecules. CD40 ligand (CD40L), a member of the tumor necrosis factor (TNF) superfamily (TNFSF), is one candidate adjuvant, but it has been difficult to use because it is normally expressed as a trimeric membrane molecule. Soluble trimeric forms of CD40L have been produced, but in vitro data indicate that multimeric, many-trimer forms of soluble CD40L are more active. This multimerization requirement was evaluated in mice using plasmids that encoded either 1-trimer, 2-trimer, or 4-trimer soluble forms of CD40L. Fusion with the body of Acrp30 was used to produce the 2-trimer form, and fusion with the body of surfactant protein D was used to produce the 4-trimer form. Using plasmids for secreted HIV-1 antigens Gag and Env, soluble CD40L was active as an adjuvant in direct proportion to the valence of the trimers (1 < 2 < 4). These CD40L-augmented DNA vaccines elicited strong CD8 ؉ T-cell responses but did not elicit significant CD4 ؉ T-cell or antibody responses. To test the applicability of the multimeric fusion protein approach to other TNFSFs, a 4-trimer construct for the ligand of glucocorticoid-induced TNF family-related receptor (GITR) was also prepared. Multimeric soluble GITR ligand (GITRL) augmented the CD8 ؉ T-cell, CD4 ؉
DNA vaccines directed against human immunodeficiency virus type 1 (HIV-1) and other viruses have been extensively studied in mice, macaques, and humans (17, 21, 26, 29, 74) . However, there is a need to develop more effective DNA vaccines. Using a DNA vaccine for a secreted, codon-optimized form of HIV-1 Gag that was previously shown to be more immunogenic than nonsecreted Gag (69) , the present study aimed at finding molecular adjuvants that could further increase the immunogenicity of this vaccine. CD40 ligand (CD40L; TNFSF5) has been proposed as a molecular adjuvant for DNA vaccines and was therefore studied in this context. DNA plasmids for four forms of CD40L were examined: the natural membrane form, a 1-trimer soluble form, a 2-trimer soluble form, and a 4-trimer soluble form. Consistent with other reports that studied secreted antigens, membrane CD40L had little adjuvant activity in this DNA vaccine. In contrast, soluble CD40L was an effective adjuvant for CD8 ϩ cell responses in direct relationship to the valence of its trimers (1 Ͻ 2 Ͻ 4). To determine if the multimerization strategy could be applied to other ligands in the tumor necrosis factor (TNF) superfamily (TNFSF), plasmid DNA for 4-trimer soluble glucocorticoid-induced TNF family-related receptor ligand (GITRL) was also studied. While 4-trimer GITRL was somewhat less effective at adjuvanting CD8 ϩ T-cell responses, it enhanced CD4
ϩ T-cell proliferative responses and antibody responses to the Gag DNA vaccines. Taken together, these studies provide a novel platform for evaluating TNFSF ligands as molecular adjuvants for DNA vaccines.
MATERIALS AND METHODS
DNA plasmids for HIV-1 antigens. pScGag is a secreted, codon-optimized form of the HIV-1 Gag protein cloned into the pcDNA3.1 expression vector (Invitrogen, San Diego, CA) as previously described (69) . Additional experiments were performed using pSyngp140JR-FL (a codon-optimized secreted form of the HIV-1 JR-FL envelope) and pSyn⌬gp140 (an empty vector that serves as the control plasmid for pSyngp140JR-FL) (5) .
Construction of CD40L and GITRL expression vectors. pMemCD40L, encoding full-length murine CD40L (GenBank accession no. X65453.2), was previously described (48) . 293 Cells transfected with this plasmid stained strongly for CD40L as judged by flow cytometry and were highly stimulatory to macrophages in culture (48) .
pTr-CD40L, the plasmid for 1-trimer soluble CD40L, began with the tissue plasminogen activator signal sequence followed by an isoleucine zipper followed by the entire extracellular domain (ECD) of murine CD40L (both the membrane-proximal stalk and the TNF-like domain). This portion of CD40L is referred to as "full-length," or "FL," soluble CD40L in the biophysical studies of Morris et al. (63) . However, the Flag purification tag present in the original soluble CD40L trimer (sCD40LT) sequence of Srinivasan and Spriggs (U.S. patent 5,716,805, February 1998) was not included in order to reduce the possibility that antibodies against this protein might develop, as has been reported during human trials of sCD40LT (95) . The amino acid sequence of the mature, secreted protein was RMKQIEDKIEEILSKIYHIENEIARIKKLIGERTSS/DK VEEEV. . ., where the N-terminal portion is the isoleucine zipper and the Cterminal portion is the ECD of murine CD40L (amino acids 51 to 260 of GenBank protein sequence no. CAA46448.2), and the shill indicates the junction.
To construct the plasmid for a 2-trimer soluble form of murine CD40L
(pAcrp30-CD40L), cDNA from mouse adipose tissue (BioChain Institute, Inc., Hayward, CA) was used to obtain a PCR product for the 5Ј untranslated region and 5Ј coding sequence of Acrp30. Using overlapping PCR primers, this sequence was fused to murine CD40L. The resulting sequence was identical to that referred to by Holler et al. (34) and Tschopp et al. (U.S. patent application 2003/0053984), with the exception that the N-terminal FLAG purification tag and linker were deleted. As in that construct, a two-amino-acid linker was placed at the fusion junction, and only the TNF-like portion of CD40L (without the membrane-proximal stalk) was included. The amino acid sequence around the fusion junction was . . .KGEPGELQGDEDPQIA. . ., where the N-terminal portion is from Acrp30 (amino acids 1 to 109 of GenBank protein sequence no. NP_033735), LQ (underlined) is the linker, and the C-terminal portion is the TNF-like domain of murine CD40L (amino acids 115 to 260 of GenBank protein sequence no. CAA46448.2, March 2003).
To construct the plasmid coding for a 4-trimer soluble form of murine CD40L (pSP-D-CD40L), mouse surfactant protein D (SP-D) was cloned by heminested PCR from reverse-transcribed murine lung mRNA (BD Clontech, Palo Alto, CA). Using overlapping PCR primers, this sequence was fused to the entire extracellular domain (ECD) of murine CD40L. The resulting sequence was similar to that referred to by Haswell et al. (33) and Al-Shamkhani and Glennie (U.S. patent application 2004/0047873, March 2004), except that the glycine linker (GGGNS) between SP-D and CD40L was deleted and three more amino acids of CD40L (HRR) were included. The amino acid sequence around the junction between SP-D and murine CD40L was . . .KAALFPDG/HRRLD-KVE. . ., where the N-terminal portion is from SP-D (amino acids 1 to 256 of GenBank protein sequence no. NP_033186) and the C-terminal portion is the extracellular sequence of murine CD40L (amino acids 47 to 260 of GenBank protein sequence no. CAA46448.2).
To construct the plasmid coding for a 4-trimer soluble form of murine GITRL (pSP-D-GITRL), GITRL was cloned by reverse transcription-PCR using mRNA from anti-CD3/anti-CD28-activated spleen cells from BALB/c mice. This sequence contained the same T157 allele present in C57/BL6 (GenBank accession no. AAP70494) and 129/J (GenBank accession no. AAQ55265) mice, rather than the N157 allele reported for CBA/Ca mice (GenBank accession no. NP_899247). The amino acid sequence around the junction between SP-D and murine GITRL was . . .KAALFPDG/SLKPTAIE. . ., where the N-terminal portion is from SP-D (amino acids 1 to 256 of GenBank protein sequence no. NP_033186) and the C-terminal portion is the extracellular sequence of murine GITRL (amino acids 43 to 173 of GenBank protein sequence no. AAP70494).
Plasmid preparation. Plasmids were propagated in Escherichia coli strain XL1 blue or TOP10. Two methods were used to purify the supercoiled plasmid DNA: two rounds of banding by CsCl-ethidium bromide density gradient ultracentrifugation, followed by butanol extraction to remove the ethidium bromide, or anion-exchange chromatography resin (EndoFree Plasmid MaxiKit; QIAgen, Inc., Valencia, CA). Differences were appreciated in the immunogenicity of plasmids prepared by these two methods, but they were too small to affect the conclusions of this report.
Transient transfections and Western blotting of fusion protein constructs. 293T cells were transiently transfected with the plasmid constructs using Lipofectamine 2000 (Invitrogen). Forty-eight hours later, supernatants were centrifuged and filtered. Biotinylated anti-CD40L (MR1; BD Pharmingen) or anti-GITRL (Alexis, San Diego, CA) antibody was bound to streptavidin-coated magnetic beads (Dynal Biotech, LLC, Brown Deer, WI) and used to pull down their respective proteins. The beads were then loaded onto sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis gels, electrophoresed, and blotted onto Immobilon-P membranes (Millipore, Inc., Billerica, MA). The membranes were blocked and then probed with goat anti-mouse CD40L (R&D Systems, Inc., Minneapolis, MN) or rabbit anti-mouse GITRL (Alexis Biochemicals, San Diego, CA), followed by horseradish peroxidase-conjugated anti-goat or anti-rabbit antibodies (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA), respectively. The signal was developed onto X-ray film using chemiluminescence.
Mice and vaccinations. Prior to vaccination, the plasmids were resuspended in sterile phosphate-buffered saline (PBS) at 1 mg/ml, aliquoted, and stored at Ϫ20°C. Each immunization consisted of 80 g of antigen plasmid (either pScGag or pSyngp140JR-FL) plus 20 g of one of the CD40L or GITRL plasmids. As controls, some mice were either not immunized ("naive") or immunized with 80 g of antigen plasmid without an adjuvant plasmid (which was replaced in this instance with 20 g of the empty expression vector, pcDNA3.1, as filler DNA). Female BALB/cByJ mice, 6 to 9 weeks old (The Jackson Laboratory, Bar Harbor, ME), were studied in groups of five under a protocol approved by the Institutional Animal Care and Use Committee of the VA San Diego Healthcare System. Three immunizations were performed under isofluorane anesthesia at 2-week intervals by injecting 50 l of plasmid DNA solution into the quadriceps of each hind limb (100 g DNA total) using an insulin syringe with a 28-gauge needle (69) .
Antigen proteins and peptides. Splenocyte preparation. Two weeks after the last immunization, mice were euthanized with pentobarbital. The spleens were removed and processed into single-cell suspensions in RPMI 1640 supplemented with 2 mM L-glutamine (Invitrogen), 10% fetal bovine serum (HyClone Systems, Inc., Logan, UT), 50 M 2-mercaptoethanol, 100 U of penicillin per ml, and 100 g/ml streptomycin. For each data point, splenocytes for the proliferation, cytokine, cytotoxic T lymphocyte (CTL), ELISPOT, and tetramer studies were typically obtained from the same mouse, providing direct comparison of the various techniques.
CTL assay. As stimulator cells, splenocytes from unvaccinated naive mice were treated with mitomycin C and pulsed with major histocompatibility complex (MHC) class I-restricted peptide. After washing, these stimulator cells were then cocultured with responder spleen cells from vaccinated mice at a responder: stimulator cell ratio of 5:1 in the presence of 10 U/ml of interleukin-2 (IL-2). Six days later, viable splenocytes were isolated by centrifugation over FicollHypaque (Lympholyte M; Accurate Chemical and Scientific Corp., Westbury, NY), washed twice in RPMI 1640 without phenol-red or serum but supplemented with 2% bovine serum albumin, and recounted. A 4-h cytolytic assay was performed in the same media by incubating these effector cells with peptidepulsed P815 target cells in 96- IFN-␥ ELISPOT assay. Dilutions of splenocytes were cocultured with P815 cells (1 ϫ 10 5 /well) that had been pulsed with or without MHC class I-restricted peptide and incubated at 37°C for 24 h on membrane filtration plates coated with anti-mouse gamma interferon (IFN-␥). These plates were processed as previously described (58) , and the spots were counted using an automated reader (ImmunoSpot II; Cellular Technologies, Inc., Cleveland, OH).
Splenocyte proliferation and cytokine production assays. Splenocytes were cultured in triplicate in 96-well round-bottom plates in 200 l media with or without 10 g/ml protein antigen in the absence of IL-2. After incubation at 37°C in 5% CO 2 for 3 days, 100 l of supernatant was removed for measurements of IFN-␥ and IL-4 by ELISA (R&D Systems). This volume was replace with 20 l media containing [ 3 H]thymidine (1 Ci/well), and the plates were incubated for an additional 16 h, following which the cells were harvested onto glass fiber filters and counted in scintillant in a beta counter. Proliferation was expressed as a stimulation index (the ratio of the counts per minute obtained with antigen/ counts per minute without antigen).
Flow cytometry and tetramer analysis. Antibodies used for staining were peridinin chlorophyll ␣ protein anti-CD8, fluorescein isothiocyanate anti-CD62L, and their corresponding isotype controls (BD Pharmingen). Staining with phycoerythrin AMQMLKETI/H-2K d tetramers was performed as described previously (30) .
Serum antibody measurements. Mice were bled by saphenous vein puncture at the beginning of the studies and 1 week after each immunization. Antibody binding to protein-coated ELISA plates was detected using alkaline phosphatase-conjugated goat anti-mouse immunoglobulin (Ig) (Jackson ImmunoResearch Laboratories, Inc.), and the signal was developed using BluePhos substrate (KPL, Inc., Gaithersburg, MD).
ELISA for anti-SP-D-CD40L antibodies. Sera from mice that had completed a vaccination series were assayed for antibodies against SP-D-CD40L protein VOL. 80, 2006 CD40L AND GITRL ADJUVANTS FOR HIV DNA VACCINES 1763 using a specially constructed ELISA. Plates were coated with MR1 hamster anti-mouse CD40L at 4°C overnight, blocked with 3% bovine serum albumin in PBS for 2 h at room temperature, and then reacted with CHO-cell-produced SP-D-CD40L (12 g/ml in Dulbecco's modified Eagle medium, 10% fetal bovine serum) for 2 h to provide a surface to which anti-SP-D-CD40L antibodies might bind. Following a wash, the wells were exposed to test sera for 2 h at room temperature with shaking, were washed, and then were reacted with goat antimouse IgG conjugated to alkaline phosphatase for 2 h at room temperature with shaking. Following a wash, color was developed with BluePhos substrate as described above. Statistical analysis. Results are expressed as the means Ϯ standard errors of the means (SEM). Statistical comparisons were performed by a two-tailed paired t test (Prism 4.0; GraphPad Software, Inc., San Diego, CA). P Ͻ 0.05 was considered statistically significant.
RESULTS

Construction of expression plasmids for 1-, 2-, and 4-trimer versions of soluble CD40L. Previous in vitro studies of CD40L
regulation of B-cell, macrophage, or dendritic cell (DC) activation have shown that multimerization of CD40L trimers can significantly increase their ability to activate these cells (33, 34, 47) . To determine the effects of multimerization in vivo, we constructed plasmids encoding recombinant proteins that were previously shown to form 1-trimer (63), 2-trimer (34), and 4-trimer (33) structures of soluble CD40L in vitro. These constructs express the extracellular domain of CD40L fused with either an isoleucine zipper domain, the body of Acrp30 (adiponectin), or the body of SP-D, respectively ( Fig. 1) . Both Acrp30 and SP-D spontaneously assemble into multimeric structures with trimeric arms without the need for an added isoleucine zipper. Following transfection of plasmid DNAs into 293T cells, the secreted CD40L proteins were found to have the expected sizes by reducing sodium dodecyl sulfatepolyacrylamide gel electrophoresis (Fig. 2) . When nonreducing conditions were used, additional high-molecular-weight bands were found for Acrp30-CD40L and SP-D-CD40L, consistent with the known disulfide bonds found in these spontaneously multimerizing molecules (data not shown). In parallel studies, pSP-D-GITRL, a plasmid for an SP-D-GITRL fusion protein (see below), was also shown to express soluble protein following transfection into 293T cells and Western blotting (Fig. 2) .
Multimeric soluble CD40L is more immunostimulatory than full-length CD40L in an HIV-1 DNA vaccine model. CD40L has significant immunostimulatory effects both in vitro and in vivo in a variety of model systems (70) and has been proposed as an adjuvant for vaccination (2) . However, the challenges of purifying three different forms of soluble CD40L to sufficient purity while maintaining activity led us to study these proteins by using a DNA vaccination approach. Consequently, mice were immunized with pScGag, a plasmid expressing secreted HIV-1 Gag (69) either alone or with the test versions of CD40L. In comparison with an empty plasmid (pcDNA3.1), pScGag induced responses to an MHC class I-restricted peptide epitope of Gag as tested by CTL assay (Fig. 3A) or IFN-␥ ELISPOT counts (Fig. 3B) . The addition of a plasmid for membrane CD40L (pMemCD40L) to the pScGag vaccine had no effect on these elicited responses, in contrast to several reports (13, 31, 39, 57, 60, 80, 96) but consistent with two recent reports on DNA vaccination (61, 88) . Remarkably, the plasmid for 4-trimer soluble CD40L (pSP-D-CD40L) significantly augmented the response to the pScGag DNA vaccine (Fig. 3A and B) . Flow cytometry using antibodies to CD8 and H-2K d /peptide tetramers confirmed that Gag-specific CD8 ϩ T cells were elicited to significantly greater levels by the pSP-D-CD40L-containing DNA vaccine. Most of these Tet ϩ cells were also CD62L lo , consistent with an effector memory phenotype (Fig. 3C) .
To determine if pSP-D-CD40L, the plasmid for multimeric soluble CD40L, could adjuvant other DNA vaccine antigens, mice were also vaccinated with pSyngp140JR-FL, a plasmid for a codon-optimized, secreted, trimeric version of HIV-1 JR-FL Env. As a control, a homologous empty vector, pSyn⌬gp140, was used (5). In the CTL assay, the data for percent specific release at an effector:target ratio of 50:1 (n ϭ 5, means Ϯ SEM) were the following: pSyn⌬gp140, 26.5 Ϯ 16.6; pSyngp140JR-FL alone, 16.7 Ϯ 7.0; and pSyngp140JR-FL plus pSP-D-CD40L, 82.8 Ϯ 15.2 (P Ͻ 0.05). Similarly, the IFN-␥ ELISPOT data for spots/10 6 cells (n ϭ 5, means Ϯ SEM) were the following: pSyn⌬gp140, 2.2 Ϯ 0.9; pSyngp140JR-FL alone, 49 Ϯ 12.9; and pSyngp140JR-FL plus pSP-D-CD40L, 168 Ϯ 15.3 (P Ͻ 0.001). Thus, pSP-D-CD40L also adjuvanted a DNA vaccine for a second HIV antigen, Env, suggesting that multimeric soluble CD40L could be used to adjuvant CD8 ϩ T-cell responses to a wide range of antigens.
Increased multimerization of soluble CD40L trimers correlates with increased adjuvant activity for an HIV-1 DNA vaccine. To determine the effects of multimerization on the activity of soluble CD40L, the pScGag antigen plasmid was tested alone or with three types of soluble CD40L plasmids: pTr-CD40L, encoding 1-trimer CD40L fused to an isoleucine zipper; pAcrp30-CD40L, encoding 2-trimer CD40L produced as a fusion protein with Acrp30 protein; or pSP-D-CD40L, encoding 4-trimer CD40L produced as a fusion protein with SP-D protein. In both CTL and IFN-␥ ELISPOT assays (Fig. 4) , pTr-CD40L (the plasmid for 1-trimer CD40L) had only modest adjuvant effects, consistent with reports that CD40L must be multimeric to stimulate cells in vitro (33, 34) . Although pAcrp30-CD40L (the plasmid for 2-trimer CD40L) did augment the response to DNA vaccination, pSP-D-CD40L (the 4-trimer CD40L plasmid) was consistently superior. Thus, the valence of the multimeric soluble CD40L constructs appeared to correlate with the vaccine-induced responses (1 Ͻ 2 Ͻ 4). This was also true when an HIV-1 envelope plasmid was used (pSyngp140JR-FL), indicating that these results are independent of the antigen used for immunization.
Multimeric soluble CD40L constructs do not significantly augment proliferative, cytokine, or antibody responses to DNA vaccination. While CD40 stimulation is sufficient to activate DCs to generate CD8 ϩ T-cell responses (70) , experiments with transgenic knock-out mice have shown that CD40-CD40L interactions are not strictly necessary for CD4 ϩ cell responses (66) . In addition, vaccination using an agonistic anti-CD40 antibody led to only modestly augmented CD4
ϩ T-cell re- sponses (25) . As a screen for CD4 ϩ T-cell responses, a standard proliferation assay was used, where protein antigen is expected to be taken up by DCs and presented by MHC class II in the absence of a stimulus for cross-presentation. Accordingly, splenocytes from immunized mice were cultured with protein antigen and proliferation was measured by [ 3 H]thymidine incorporation. Somewhat predictably, none of the soluble CD40L constructs significantly increased the proliferative response of splenocytes to Gag protein (Fig. 5C and data not shown). Correspondingly, measurements of IFN-␥ and IL-4 released by the antigen-stimulated splenocytes from the CD40L-immunized mice were only modestly increased above background (data not shown). Surprisingly, however, the addition of various forms of CD40L to the Gag DNA vaccine did not increase antibody production in 21 out of 24 experiments, even though CD40 was originally discovered as an activation receptor on B cells and CD40L is recognized as the T-cell molecule mediating contact-dependent B-cell activation (70) . In some experiments, pSP-D-CD40L even appeared to suppress the antibody responses induced by pScGag alone (Fig.  5D ). These findings suggest that the CD40L constructs used in this study bypass normal CD4 ϩ T-cell-driven immunological pathways yet still induce strong CD8 ϩ T-cell responses. pSP-D-CD40L does not elicit systemic immune activation or local inflammation. Plasmids encoding secreted cytokines have been reported to cause systemic immune activation (72) , which could potentially lead to toxic side effects. However, in the present studies, the immunized mice showed no signs of distress, and spleen size and cell counts were not increased by the immunizations (data not shown). This contrasts with the splenomegaly, septic shock-like effects and occasional mortality observed when agonistic anti-CD40 antibodies were given systemically (8, 94) . The most revealing experiment, however, was functional and involved separating the pScGag antigen plasmid from the pSP-D-CD40L adjuvant plasmid. Rather than mixing these two plasmids in a single syringe for the immunizations as before, they were delivered in separate syringes into opposite quadriceps (left for pScGag and right for pSP-D-CD40L). As shown in Fig. 6 , the adjuvant effect of pSP-D-CD40L was lost when it was injected separately from the antigen plasmid. From these data, we infer that the pScGag and pSP-D-CD40L plasmids release sufficient antigen and adjuvant proteins, respectively, to initiate immune responses in the lymph nodes draining the vaccination site yet produce too little of these proteins to induce systemic immune responses or toxic effects.
Also, since inflammation can initiate systemic immune activation, paraffin sections of the injected muscles were evaluated 48 h after immunization. While necrotic myocytes were seen along the track of the vaccination needle, no cellular infiltrates were present following the injection of either pScGag, pSP-D-CD40L, or the combination of these plasmids. Other studies on DNA vaccination have similarly shown an absence of muscle inflammation when DNA vaccines were tested without chemoattractant cytokines (52, 88) . This made it unlikely that secondary inflammatory mediators were contributing to the immunization effects.
As a screen for autoimmune responses, lungs from SP-D-CD40L-and SP-D-GITRL-vaccinated mice were examined by histology at the conclusion of a vaccination series (day 42), but no inflammatory infiltrates or other pathology was seen. Additionally, sera collected at the end of a vaccination series were tested by ELISA for the formation of antibodies against SP-D-CD40L protein. Using sera from naive mice as a negative control, the pSP-D-CD40L-vaccinated mice did not produce any detectable antibodies to this protein. While further studies are desirable, these data failed to reveal the induction of autoimmunity by these molecular adjuvants.
Plasmid DNA for multimeric soluble GITRL is an adjuvant for an HIV-1 DNA vaccine. Other multimeric soluble TNFSF ligands can be constructed by fusing TNFSF extracellular domains with a multimerizing scaffold. One of the most interesting TNFSFs is the ligand for GITR, a receptor expressed on CD4 ϩ CD25 ϩ regulatory T cells (Tregs). Agonistic anti-GITR antibodies abrogate the immunosuppressive properties of Tregs (41, 59, 79, 86) and also act as a costimulatory factor for CD4 ϩ CD25 Ϫ effector T cells which express GITR following activation (42) . To test if GITR ligand (GITRL) could aug- ment the response to a DNA vaccine, pScGag was tested either alone or in combination with pSP-D-CD40L or pSP-D-GITRL. As shown in Fig. 5 , pSP-D-GITRL significantly augmented both cytolytic activity (Fig. 5A ) and IFN-␥ ELISPOTs (Fig. 5B ) in response to an MHC class I-restricted Gag peptide. Unlike pSP-D-CD40L, however, pSP-D-GITRL increased both proliferative (Fig. 5C ) and antibody responses (Fig. 5D) to Gag protein.
Generation of long-lived memory CD8
؉ T cells in response to DNA vaccination. As shown above, Gag peptide/MHC class I tetramer-positive spleen cells were detected 2 weeks after vaccination (Fig. 3C) . To determine if these CD8 ϩ T cells persisted, mice were vaccinated as before and then evaluated 3 months later. Flow cytometry gated on CD8 ϩ cells demonstrated the long-term persistence of these antigen-specific T cells, especially when pSP-D-CD40L was used. Many of these cells were also CD62L hi , which is the phenotype of long-lived central memory cells (data not shown).
Other studies. In the experiments shown in Fig. 3 and 4 , the DNA vaccines contained 80 g of antigen plasmid DNA (either pScGag or pSyngp140JR-FL) and 20 g of CD40L-containing plasmid DNA. As an initial dose-response study, combinations of 40 g plus 10 g and 20 g plus 5 g of pScGag and pSP-D-CD40L, respectively, were also studied. While the dose of 40 g plus 10 g preserved most of the CD8 ϩ T-cell responses, there was a definite drop in immunogenicity when the lower dose of 20 g plus 5 g was tested.
Thus, pSP-D-CD40L alone did not reduce the quantity of DNA needed to vaccinate mice in this initial experiment. Instead, other methods of DNA vaccination would be needed to provide a "DNA sparing" effect.
Given the different response profiles elicited by pSP-D-CD40L and pSP-D-GITRL, the possibility of combining them was studied. However, DNA vaccination with pScGag plus both of these 4-trimer TNFSF plasmids elicited significantly fewer CD8 ϩ responses than pScGag plus pSP-D-CD40L used alone. This is likely due to the formation of heteromultimers of SP-D-CD40L and SP-D-GITRL, since heteromultimers of TNFSF ligands have been found to be inactive or even inhibitory upon engaging their cognate receptors (1, 85) . However, VOL. 80, 2006 CD40L AND GITRL ADJUVANTS FOR HIV DNA VACCINESit may be possible to combine these TNFSF adjuvants if they are delivered into separate vaccination sites or administered to the same site at different times.
DISCUSSION
The TNF superfamily (TNFSF) includes CD40L, GITRL, RANKL, OX40L, 4-1BBL, LIGHT, CD70, and at least 12 other molecules (9, 11, 53, 81) . From an immunological point of view, CD40L (also called CD154) has special importance as an initiator and promoter of the immune response (47, 70) . CD40L is considered to be the molecular embodiment of the "help" provided by activated CD4 ϩ T cells in that it "licenses" dendritic cells to present processed antigen to CD8 ϩ T cells (10, 73, 78, 82) and promotes CD8 ϩ T-cell memory responses (38) . CD40L also plays a role in antibody responses by promoting B-cell proliferation and immunoglobulin class switching (70) . These immunostimulatory functions of CD40L have led to many strategies for using it as a vaccine adjuvant.
Despite the intense interest in CD40L as a key activator of immune responses (over 6,000 papers have been published that relate to either CD40L or its receptor), there are currently no clinically accepted means for applying CD40L or most other TNFSFs in vivo. A Phase I clinical trial of a 1-trimer soluble form of CD40L (sCD40LT) (63) was conducted in patients with cancer, but hepatotoxicity limited the feasibility of delivering this protein by the systemic route (95) . In contrast, the fusion of the extracellular domain of a TNFSF with the body of a multimerizing scaffold molecule provides a new platform for producing multimeric soluble TNFSFs that may circumvent the previous difficulties in studying this important molecular family.
TNFSFs are usually produced as type II trimeric membrane proteins but may be proteolytically cleaved from the cell surface to form soluble trimers. TNF itself was discovered as a soluble protein, which led to the assumption that all TNFSFs might be active as soluble trimers. It was soon determined, however, that soluble TNF activates only one of the two TNF receptors, whereas the multimeric membrane form of TNF activates both receptors (27) . The critical role of multimerization was proven by showing that the activities of membrane TNF could be replicated by a soluble, Flag-tagged form of TNF that was cross-linked by anti-Flag antibody (77) . Parallel studies of FasL, another TNFSF, found that soluble FasL, unlike membrane FasL, did not induce apoptosis in fresh, resting CD4 ϩ T cells. However, a spontaneously aggregating form of soluble FasL (WX1) acted like membrane FasL, again demonstrating the importance of TNFSF multimerization for activity (87) .
A similar picture has arisen for CD40L, where cross-linking of the soluble form is needed to stimulate B cells to the same level as membrane CD40L. In the case of a CD8-CD40L fusion protein, cross-linking with anti-CD8 antibody was required to drive resting B cells to proliferate (46) . Similarly, membrane CD40L expressed on baculovirus-transduced SF9 insect cells strongly stimulated B cells, but small vesicles (10 to 1,500 nm) from the same cells were much less stimulatory (43) . These in vitro studies indicate that CD40L trimers are most active when presented in a multimeric form.
More recently, the multimerization requirements for the activity of soluble CD40L were studied in greater detail using multimeric soluble TNFSF fusion proteins. C1q superfamily molecules (44, 45) and collectin superfamily molecules (15, 36, 37, 54, 93) are proteins that spontaneously multimerize into molecular structures with extended, trimeric, collagen-like arms. Acrp30 (adiponectin) is a C1q superfamily protein that forms a V-shaped molecule with two trimeric arms (67, 92) , whereas pulmonary surfactant protein D (SP-D) is a collectin protein that forms a plus-sign-shaped molecule with four trimeric arms (15) . By replacing the globular head groups of Acrp30 or the carbohydrate recognition domains of SP-D with the extracellular domain of CD40L, Holler et al. (34) and Haswell et al. (33) produced molecules carrying two and four trimers of CD40L, respectively. Whereas single-trimer soluble CD40L did not effectively stimulate B cells, these multimeric (i.e., many-trimer) soluble CD40L fusion proteins were strongly stimulatory in vitro (33, 34) .
The current study aimed at determining the multimerization requirements of soluble CD40L in a relevant in vivo setting, namely immunization. Because the large Acrp30-CD40L and SP-D-CD40L protein molecules were difficult to purify (unpublished data), a DNA vaccine approach was adopted. An antigen plasmid encoding the Gag protein of HIV-1 was mixed with plasmids encoding either native membrane CD40L or one of three forms of soluble CD40L: 1-trimer (stabilized by an isoleucine zipper), 2-trimer (Acrp30-CD40L fusion protein), and 4-trimer (SP-D-CD40L fusion protein). Remarkably, the effectiveness of soluble CD40L as an adjuvant for CD8 ϩ T-cell responses appeared to be directly related to the valence of the trimers, with the 2-and 4-trimer CD40L constructs being significantly stronger than that of the single trimer construct.
It is worth noting, however, that the scaffold moiety might have adjuvant-promoting effects independent of its effect on the valence of the CD40L trimers. For example, the collagenlike portion of SP-D has been reported to bind to gp340, a receptor on the surface of macrophages and possibly DCs (35) . Since this portion of SP-D was included in SP-D-CD40L, bind- ing of this fusion protein to gp340 could serve to concentrate SP-D-CD40L on the surface of antigen-presenting cells and thereby enhance its effectiveness. The finding that membrane CD40L, pMemCD40L, did not serve as an effective DNA vaccine adjuvant stands in contrast to several previous reports (13, 31, 39, 57, 60, 80, 96) . In all of these cases, the antigen used in the DNA vaccine was cell associated, i.e., located either in the cytoplasm, like ␤-galactosidase (13, 60) , or on the cell membrane, like HIV-1 gp160 (39) or respiratory syncytial virus envelope (31) . In contrast, the present report and two previous reports failed to find any adjuvant effects with pMemCD40L-like plasmids when secreted antigens were studied (e.g., TSSA from Treponema cruzi [61] or gp120 [88] ). Antigen localization has been previously identified as an important variable for DNA vaccination (12, 62, 69, 75, 89) and has implications for the selection of adjuvanting molecules. When a DNA vaccine encodes nonsecreted, cell-associated antigen (either cytoplasmic or transmembrane), it may be crucial for dendritic cells to migrate to the vaccination site in order to take up antigen and transport it to the draining lymph node for presentation to T cells. Consistent with this model, chemotactic substances that attract DCs into the intramuscular vaccine site have been shown to significantly enhance the response to DNA vaccines for nonsecreted antigens (51, 88) . While secreted antigens can be transported by DCs in the same way, lymphatic vessels can also carry these soluble proteins (exemplified by lysozyme and ovalbumin) to the draining lymph node, whereupon intranodal DCs take up and present these antigens to T cells within 3 to 6 h (40, 55) . Applying these considerations to the data in this report, if secreted Gag generated by pScGag at the intramuscular vaccination site rapidly moved to the draining lymph node while membrane CD40L from pMemCD40L remained immobilized on myocytes at the vaccination site, this would explain why membrane CD40L (pMemCD40L) failed to adjuvant secreted Gag (pScGag). In contrast, soluble forms of CD40L such as that generated by pSP-D-CD40L can accompany this secreted antigen to the draining lymph node and thereby adjuvant the immune response more effectively.
It is also worth noting that DNA encoding a form of soluble CD40L trimer (sCD40LT) (63) was previously reported to be an effective adjuvant for a DNA vaccine encoding a nonsecreted antigen (␤-galactosidase) (28) . If sCD40LT was expressed as a single-trimer protein, this report would be inconsistent with the in vitro data described above showing that CD40L, like several other TNFSF ligands, is not very active unless multimerized beyond the 1-trimer form (33, 34) . Previous reports that the sCD40LT protein is active on DCs in vitro could be explained if this protein were produced using a low-pH step, such as the pH 2.8 elution step used to remove Flag-tagged sCD40LT protein from an antiFlag antibody affinity purification column (Srinivasan and Spriggs, U.S. patent 5,716,805). Under these low-pH conditions, the protein becomes disordered into a sticky "molten globule" structure that readily aggregates, thereby effectively multimerizing the purified protein into a many-trimer multimer (56) . The effectiveness of the psCD40LT plasmid as a DNA vaccine adjuvant could also be explained if it contained a Flag tag, as described for another DNA vaccine made with this construct (97) . If so, the formation of anti-Flag antibodies would be expected to multimerize the CD40L trimeric fusion protein into a high-molecular-weight, poorly diffusible immune complex (77) that could effectively adjuvant a nonsecreted antigen. To exclude this possibility, the Flag sequence was intentionally omitted from the pTrCD40L construct studied in this report, and this 1-trimer soluble CD40L construct was significantly less active than the 2-and 4-trimer forms, consistent with the in vitro studies (33, 34) .
Given the difficulties in producing a usable form of soluble CD40L, most studies have employed agonistic anti-CD40 antibodies to activate CD40-bearing cells. Agonistic anti-CD40 antibodies were used to prove the role of CD40-activated DCs in generating CD8
ϩ T-cell responses (73, 78) and to induce antitumor responses (23, 83, 94) . Agonistic anti-CD40 antibodies also act as a general vaccine adjuvant (8) and synergize with Toll-like receptor agonists to elicit profound vaccine-induced CD8 ϩ T-cell responses (4). However, these antibodies induce splenomegaly and shock-like symptoms unless used in small amounts in a single administration (8, 94) , which raises concerns about using agonistic anti-CD40 antibodies in humans.
In contrast, the multimeric soluble CD40L plasmids described in this report (pAcrp30-CD40L and pSP-D-CD40L) have no apparent toxicity. No signs of distress were seen at any point in the 6-week vaccination protocol, and no inflammation was induced in the muscle tissue 48 h after injecting these plasmids. As evidence that systemic immune activation was absent, the injection of the pScGag antigen plasmid and the pSP-D-CD40L adjuvant plasmid separately into opposite legs did not induce the augmented CD8 ϩ T-cell responses that were seen when the two plasmids were premixed and injected together. Given that DNA vaccination appears to be safe in human volunteers (19) , it is likely that plasmid DNA for multimeric soluble TNFSF fusion proteins could be added to DNA vaccines without incurring the risks associated with agonistic antibodies to TNF receptors.
While DNA vaccination may be safe, its efficacy has been called into question, particularly in humans. Although some DNA vaccines elicit strong immune responses in mice (29) , most investigators have found it necessary to add cytokines or chemokines to enhance the response to immunization (2, 7, 26, 49) . Alternative or complementary approaches include electroporation (65), gene gun delivery of DNA-coated gold particles (90) , and delivery on polymer microparticles (64) or by polymer microencapsulation (52) . The need for such modifications is exemplified by the very weak CD8 ϩ T-cell responses seen after DNA vaccination in clinical studies of HIV vaccines (21) . Another example in humans is the complete lack of antibodies induced by a DNA vaccine for malaria (19) .
Importantly, however, the pSP-D-CD40L-containing vaccine described in this report generated strong CD8 ϩ T-cell responses. While a head-to-head comparison of a pSP-D-CD40L-adjuvanted vaccine with other vaccines has not yet been performed, it is instructive to compare these results with those of other studies in BALB/c mice that employed exactly the same CD8 ϩ T-cell target cell (AMQMLKETI peptide-pulsed P815 cells) for either CTL assays or as a stimulator in IFN-␥ ELISPOT assays. By these measures, the results in this report equaled or exceeded those reported for chimpanzee adenovirus 68-based or vaccinia virusbased Gag vaccines (22) , a flavivirus Kunjin Gag vaccine (32), or Gag delivered intraperitoneally using live Listeria monocytogenes as a vector (68) . Stronger CD8 ϩ T-cell responses using these assays were reported for a vesicular stomatitis virus vector (30) ϩ T-cell responses to a modest degree (25) , but the experiments herein failed to detect any significant effects of multimeric soluble CD40L on CD4 ϩ T-cell-proliferative responses and cytokine production. In support of the concept that CD40 stimulation is not linked to subsequent CD4 ϩ T-cell responses, a previous study showed that lymphocytic choriomeningitis virus-exposed transgenic mice lacking either CD40 or CD40L maintained normal CD4 ϩ T-cell-proliferative and cytokine responses to lymphocytic choriomeningitis virus antigens, indicating that the CD40L/CD40 system is not strictly necessary for CD4 ϩ cell responses (66) . It remains possible, however, that the response to antigens that contain stronger CD4 ϩ T-helper epitopes would be enhanced by pSP-D-CD40L (3).
The lack of a consistent enhancing effect of pSP-D-CD40L on antibody responses was initially very surprising, given the known role of CD40 stimulation in B-cell activation (70) . Even more unexpected were the data indicating that pSP-D-CD40L could suppress antibody induced by the pScGag antigen plasmid alone (Fig. 5D) . However, these data are in accord with several reports showing that strong CD40 stimulation prevented the movement of B cells into germinal centers, blocked the development of memory B cells, and impaired B-cell differentiation into antibody-secreting plasma cells (6, 14, 20, 71) . Thus, the negative effect of pSP-D-CD40L on antibody production described in this report supports the concept of strong CD40 stimulation provided by multimeric soluble CD40L.
This profile of responses (strong CD8 ϩ T-cell responses but negligible CD4 ϩ T-cell and antibody responses) contrasts with the responses elicited by most experimental vaccines under development. While few infections could benefit from such a skewed vaccine response, this unique response profile has considerable potential for a vaccine against HIV. Unlike most microbes, HIV replicates in activated CD4
ϩ T cells and especially in HIV-specific CD4 ϩ T cells (18, 24) . Indeed, when macaques were vaccinated with an simian immunodeficiency virus (SIV) envelope vaccine that elicited anti-SIV CD4 ϩ T cells but virtually no anti-SIV CD8 ϩ T cells, the vaccinated macaques failed to control a subsequent SIV challenge and rapidly progressed to AIDS (84) . This study revealed the need for a "CD8-focused" vaccine that would generate strong antiviral CD8 ϩ T-cell responses but minimal CD4 ϩ T-cell responses (24) . The multimeric soluble CD40L vaccine of the present study is perhaps the most CD8-focused vaccine yet described and thus should be considered for further testing.
Since fusion with a multimeric scaffold is a generalizable method for producing multimeric soluble TNFSF ligands (34) , this strategy provides a convenient way to test the in vivo effects of other TNFSFs. GITRL is an important TNFSF to test, given the critical role of Tregs in limiting immune responses and the characteristic presence of GITR on these cells (76) . Depletion of CD4 ϩ T cells prior to vaccination, including DNA vaccination, has led to enhanced CD8 ϩ T-cell responses due to the removal of Tregs (50) . Administration of agonistic anti-GITR antibodies reversed Treg suppression of CD4 ϩ and CD8 ϩ T-cell responses (16, 59, 79) . Membrane GITRL expressed on 293 cells completely reversed immunosuppression by Tregs and strongly costimulated antigen-responsive T cells (42, 91) . Recently, Ji et al. described the effects of Flag-tagged soluble GITRL on CD4 ϩ
CD25
ϩ Tregs and found that cross-linking with anti-Flag antibody significantly enhanced the activity of this TNFSF protein in vitro (C. Terhorst, personal communication) (41) . This suggests that soluble GITRL, like FasL, TRAIL, and CD40L (33, 34) , is most active as a multimeric protein.
Consistent with this hypothesis, pSP-D-GITRL was an effective DNA vaccine adjuvant. Immunization with pScGag plus pSP-D-GITRL led to strong CD8 ϩ T-cell responses, although they were less than that with pSP-D-CD40L. Interestingly, the pSP-D-GITRL adjuvant plasmid significantly augmented proliferative responses and antibody production. It is likely that the augmentation of CD4 ϩ T-cell responses by pSP-D-GITRL provided helper CD4
ϩ T cells for B cells. Thus, GITRL, here used as pSP-D-GITRL, is an interesting new vaccine adjuvant, although further studies are needed to determine if it can be used safely without exacerbating autoimmunity.
In conclusion, these studies establish the adjuvant activity of two multimeric soluble TNFSF ligands in vivo when used as part of a DNA vaccine. Several other immunostimulatory TNFSFs remain to be tested in this manner, including RANKL, OX40L, 4-1BBL, CD70, and LIGHT. Using the multimeric scaffold fusion protein approach described here, these and other TNFSFs can now be tested in vivo in an expeditious manner.
